Abstract: Dielectric properties of composite materials, polymer -ferroelectric filler, were investigated in wide frequency and temperature ranges. It has been shown that dielectric properties of polymer composites are a function of the size and concentration of ferroelectric filler particles, since these particles contain a defective outer surface layer with dielectric properties significantly different from those of the ferroelectric bulk. Dielectric properties of composites were found to depend on the type and properties of the polymer matrix, as well as on the method and conditions of composite preparation. Composites cured in the measurement cell possess a more porous structure, their dielectric constant ε' being lower compared to compression molded samples. ε' of polypropylene composites in the ferroelectric phase is higher than that of epoxy resin composites.
Introduction
At present the synthesis of novel polymer composites with different fillers, including ferroelectrics, and investigations of their properties remain among the actual problems due to increasing applications of these materials in microelectronics, optics, acousto-electronics, etc. [1] The simplest type of piezo-composites is a three-dimensionally connected polymer matrix randomly loaded with active ferroelectric particles. One of the most attractive features of these composites is the simplicity of fabrication of various forms, including flexible thin sheets of large size, rods and fibers, pressure molded products, and, consequently, their availability for mass production [1] .
Properties of such composites in many respects are defined by both the character of filler distribution in the polymer matrix, as well as filler dispersion and interaction at the polymer matrix -filler interface. As a rule, the higher the filler dispersion and the stronger the intermolecular interaction at the interface, the larger the effect of the filler on the properties of the polymer composites [2] . On the other hand, it was found that dielectric properties of ferroelectriсs depend on their degree of dispersion [3, 4] . It is also necessary to take into account such parameters as the type of polymer, filler and composite porosity, the method of composite preparation, as well as the anisotropy of electrical properties [1, 5, 6] . In spite of the fact that there is a large number of theoretical and experimental papers dealing with the effect of the listed parameters on the dielectric properties of composites with ferroelectric fillers [1, 7] , there are no systematic results of investigations for understanding the relation between the structure and the physico-chemical characteristics of such complicated systems. Therefore, this paper presents some experimental investigations, aimed at the study of structure and dielectric properties of composites with ferroelectrics as a function of concentration and size of fillers, as well as type and properties of the polymer matrix. The effect of the conditions of composite preparation, such as the temperature regime and molding pressure during curing, were also investigated.
Experimental part

Materials
As ferroelectric fillers the following compounds were used: 3 , with addition of strontium titanate, SrTiO 3 , for reduction of the Curie temperature, which is Т с = 22°С; density 7 g/cm 3 .
Fractions of fillers with different size were prepared by sieve analysis.
Preparation of composites
Samples of composites were prepared from thermoplastics, such as polypropylene (PP), a copolymer of ethylene and butyl acrylate (CEBA), as well as from thermosetting cold cured epoxy resin (ED-20) and hot cured epoxy resin AT-1 (powder single-component epoxy, CIBA-GEIGY AB, Sweden) under different conditions, which allowed to vary the structure and internal stresses in composites. The volume fraction of ferroelectrics in composites was varied from 0 to 60 vol.-%, particle size was in the range 2 -300 µm.
Composites from PP, CEBA and АТ-1 epoxy were prepared by 'dry' mixing of powder components at room temperature with subsequent pressure molding into discs of 12 mm in diameter and 1 -1,2 mm thickness. Composites BaTiO 3 + epoxy resin АТ-1 and 61 PZT -19 -39 SrTiO 3 + epoxy resin АТ-1 were molded at pressures from 26 to 120 MPa and temperatures from 115 to 220°С.
Samples from CEBA were prepared at a temperature of 100 -110°С, while PP samples were prepared at 220°С. PP and CEBA samples were cooled inside the mold in air. Composites from ED-20 epoxy were cured in the cell, shown in Fig. 1 , which allowed controlling changes of dielectric properties during curing of the composite. Curing was conducted with the aliphatic polyamine PEPA (polyethylenepolyamine) or the aromatic diamine DADPM (4,4′-diaminodiphenylmethane) at temperatures from 80 to 120°С. The densities of all specimens were determined from the ratio of mass to geometrical volume of the samples. The size distribution of filler particles was calculated from microphotographs of the powders using the ImageTool computer program (as an example, Fig. 3 shows the particle size distribution for two fractions). Thermal effects in composites and filler particles in heating-cooling cycles at heating rates of 3°С/min were investigated by differential scanning calorimetry (DSC) (Mettler). 
Results and discussion
Effect of particle size
For all investigated composites the dielectric constant increases with increasing concentration and size of filler particles [8] . The effect of particles size on dielectric properties of composites is explained by the presence of an outer surface layer in ferroelectric particles with properties, quite different from the bulk of the particles due to defects of structure. Therefore, if this surface layer has a lower dielectric constant and shows no ferroelectric properties, dielectric and piezoelectric properties of the composite should be a function of filler particle size. The smaller the particle size, the smaller the ratio of particle volume to surface layer, and the smaller the dielectric constant. As a result, ε' of our composites decreases since the active volume of particles decreases (Fig. 4 ). 
In order to find out whether the outer surface layer of particles is ferroelectric, the dielectric constant ε'(T) was measured as a function of temperature for composites with particles of different size. Fig. 5а ,b show that with decreasing particles size the dielectric constant also decreases, the ferroelectric transition peak becoming less intensive, practically disappearing in composites with the smallest particles, 2 µm. This apparently indicates that the defective surface layer of particles does not have ferroelectric properties.
The intensity of the ferroelectric transition peak also decreases with decreasing volume fraction of filler. Fig. 6 shows the temperature dependence of the dielectric constant for composites TGS -CEBA with different filler loading. 
Effect of particle volume fraction
The effect of filler volume fraction on the dielectric constant ε' of composites was investigated [9] . Fig. 7 shows the concentration dependence of ε' for composites with BaTiO 3 and TGS and different polymer matrices. In case of TGS the concentration dependence of ε' is linear for all matrices. This is probably due to a small difference in the dielectric constant of polymers (ε = 2 ÷ 4) and TGS filler (ε = 30). Composites with BaTiO 3 (ε = 2000), where this difference is much greater, exhibit a more complex concentration behaviour of ε'.
Experimental concentration vs. ε' curves for composites with BaTiO 3 filler are sufficiently closely approximated by Bruggeman's equation for spherical particles [10, 11] , which is the case for our fillers, as is evidenced by SEM microphotographs ( Fig. 2) :
where ε is the dielectric constant of the composite, ε m of the polymer matrix, and ε f of the filler; v f is the volume fraction of filler.
As Fig. 8 shows, the best agreement of experimental and calculated data is observed for composites with particles size 50 µm and for composites with filler loading less than 30 vol.-% for all particles sizes. 
Effect of polymer matrix
It was found that dielectric properties of composites depend on the type of polymer matrix. Thus, in composites from PP as well as CEBA, ε' in the paraelectric phase decreases with temperature in the whole frequency range of measurements. Such a temperature behaviour of ε' is determined by the properties of the ferroelectric filler itself without contribution of interface polarization, since conductivity and dielectric constant of these polymers are practically constant in this temperature range (Fig. 9 ). On the contrary, in epoxy resin composites ε' increases with temperature due to interface polarization, arising from the difference in conductivities of matrix and filler, since the conductivity of epoxy resins increases in the glass transition range. The contribution of the epoxy glass transition to the increase of ε' is much smaller than can be seen in the composite case (the behaviour of the resin alone is presented in ref. [12] ). For this reason ε' is high at low frequencies, decreasing nearly hyperbolically with frequency.
In Fig. 10а we can see that the ferroelectric transition of the filler is clearly manifested at higher frequencies, where there is no contribution of interface polarization. Fig. 10b shows the temperature dependence of the dielectric loss tangent for the composite 56 vol.-% BaTiO 3 -epoxy resin (АТ-1). A relaxation peak due to interface polarization is clearly defined at low frequencies, with an activation energy of 73 kJ/mol. With increasing frequency the epoxy resin α-transition appears around 120°С, with an average activation energy of 92 kJ/mol. At 1 kHz this transition is weak, while at 200 kHz it is clearly pronounced. At low temperatures and high frequencies the epoxy resin β-transition appears, shifting to lower temperatures with decreasing frequency.
Heating -cooling cycles exhibit a temperature hysteresis of ε', characteristic of ferroelectrics with a phase transition of the first type (BaTiO 3 ), this hysteresis being most clearly manifested in composites from PP and CEBA, appearing from the displacement of domain walls in ferroelectric particles, changes in their number and total area. Temperature hysteresis in BaTiO 3 powder is also observed with DSC (Tab. 1). 
Effect of composite porosity
The effect of porosity on the dielectric properties of composites BaTiO 3 -epoxy resin (АТ-1) was investigated: the porosity was varied by changing pressure during compression molding of the samples. Additionally, the porosity may change according to curing conditions. In all cases, an increase of porosity results in a significant reduction of the dielectric constant. As Fig. 11 shows, increase of molding pressure increases the density and dielectric constant of composites, the temperature dependence of the dielectric loss tangent remaining essentially the same. At a pressure of 120 MPa the dielectric constant slightly decreases. Composites, cured in the cell, have a more porous structure, that is why their dielectric constant ε' is lower compared to compression molded samples.
It is interesting that the dielectric constant of composites from PP in the ferroelectric phase is higher than that of composites from epoxy resin. The point is that ferroelectric particles in epoxy resin are mechanically compressed due to stresses, arising from chemical contraction during curing amounting to 5 -7% and cooling contraction from curing temperature to ambient temperature. The dielectric constant of ferroelectrics can be written as:
where ε m is the dielectric constant in the monodomain state of the crystal; ∆ε' p is the contribution from the piezo-effect; ∆ε' dw is the contribution from domain walls oscillations in a weak measuring field.
For polydomain samples with opposite orientation of domains, generating opposite deformations, ∆ε' p = 0. With increasing temperature to the Curie point, the mobility of domain walls increases, increasing ∆ε' dw ; therefore at this point the dielectric constant of ferroelectrics significantly increases.
Accordingly, with the temperature approaching the point of phase transition Т с , the structure of ferroelectrics becomes exceptionally mobile, strongly changing its properties under external actions, electrical, magnetic, uniform and non-uniform mechanical stresses. For example, ferroelectric particles in a cured epoxy matrix are in a mechanically compressed state, which reduces the mobility of domain walls, thus decreasing the contribution ∆ε' dw and, respectively, decreasing ε'.
As was previously mentioned, the structure of composites was investigated with SEM microphotographs.
The operating range of TGS filler is below 110°С, since above this temperature its structure becomes more defective due to the fracture of hydrogen bonds between glycine molecules and sulfate ions. This affects the structure and properties of the composite. Fig. 12а shows a microphotograph of composite 35 vol.-% TGS -epoxy resin (ED-20) before heating and Fig. 12b shows the same composite after heating at 150°С during 2 h, demonstrating defective porous layers between filler particles and polymer.
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Conclusions
It has been shown that dielectric properties of polymer composites are a function of the size and concentration of ferroelectric filler particles, since these particles contain a defective outer surface layer with dielectric properties significantly different from those of the bulk ferroelectric. DSC data demonstrate that the heat of the ferroelectric phase transition in BaTiO 3 particles depends on their size.
Dielectric properties of composites were found to depend on the type and properties of the polymer matrix, as well as the method and conditions of composite preparation. Composites cured in the measurement cell possess a more porous structure, their dielectric constant ε' being lower compared to compression molded samples.
The dielectric constant ε' for PP composites in the ferroelectric phase is higher compared to that of epoxy resin composites. This is explained by the fact that ferroelectric particles in an epoxy matrix are in a mechanically compressed state due to chemical contraction during curing, amounting to 5 -7%, which reduces the mobility of domain walls, thus lowering the dielectric constant of the composite.
